A high-resolution spectrometer has been developed and used to measure simultaneously impurity ion temperatures and flow velocities in high temperature plasmas with 10 @ temporal resolution (limited by digitization rate). This device is actually a duo-spectrometer: measurements from two different chordal views of the plasma can be made simultaneously via two separate quartz input fiber optic bundles coupled to the entrance slits which are tilted to compensate for line curvature. The dispersed spectra on the exit plane of the duo-spectrometer are coupled via quartz fiber optics to two arrays of 16 photomultiplier tubes each. Measurements made by recording the Doppler broadened and shifted 227.091 nm emission from the C! v impurity ions in the Madison Symmetric Torus (MST) reversed-field pinch (RFP) plasma have achieved precisions of <6 eV for temperatures of 150 eV and CO.7 km/s for flow velocities of 6 km/s. Representative results from the MST RFP indicate that the toroidal flow velocity drops and ion temperature increase during sawtooth events in
I. INTRODUCTION A. Purpose of diagnostic
Measurement of the dynamics of the ions in a magnetically confined plasma gives rich (and sometimes unexpected) insight into the physical principles that govern the behavior of the plasma as a whole. For example, a recent investigation in the Madison Symmetric Torus (MST) RFP (reversed-field pinch) high-temperature plasma confinement device' demonstrated that the majority ions are anomalously hot and that ion heating is correlated with discrete dynamo events.2 In tokamaks, knowledge of the local fluctuations in ion temperature and velocity is very useful to the development of an understanding of the mechanisms governing particle transport,3 H-mode operation,4 and the relationship between large-scale magnetohydrodynamic (MHD) phenomena such as sawtooth and locked modes and plasma flows and temperature. A quantity of particular interest in the RFP is the bulk plasma flow velocity because it has been postulated that correlated fluctuations in this velocity and the local magnetic field are responsible for the generation of the reversed toroida1 magnetic field (a mechanism popularly known as the "MHD dynamo").' To explore this postulated behavior, we have developed a diagnostic system for high-speed measurements of plasma ion dynamics; this paper describes the design and performance of this system.
Measurement technique
The measurement technique is based on high-speed passive Doppler spectroscopy of intrinsic impurity ions in the MST plasma. The directed velocity of the ions is proportional to the Doppler wavelength shift of the line center; the temperature to the Doppler broadening of the line itself. The most convenient impurity line to which to apply this technique in MST is the 227.091 nm emission line of C V, an ion which resides near the hot core of the MST plasma. Carbon is a common impurity in MST hydrogen plasmas, usually at an ion density of a few percent of the majority species. The 227.091 nm line is also attractive because it is one of the few reasonably bright lines from highly ionized impurity ions that is detectable without a vacuum spectrometer, and it consists of a single transition without complex fine structure. The relatively poor spatial resolution inherent in the use of passive spectroscopy with chordal views of the plasma poses no limitation to the present work on MST because the MHD fluctuations of interest are large-scale, with wavelengths on the order of the machine size. Improved spatial resohttion can be readily achieved by applying this diagnostic system to active techniques such as charge-exchange recombination spectroscopy.h*7
Measurements of fluctuations in the spectral line center and width require an instrument with both high time resolution and a high luminosity-resolution product. The frequency spectrum of the velocity fluctuations is expected to peak around 20-30 kHz in the lab frame since that is the range in which much of the observed MHD activity takes place in MST.s Thus, a minimal sampling frequency of -100 kHz is required. High spectral resolution is required to observe values of C-1 km/s, a value suggested by three-dimensional (3-D) MHD simulations of the velocity turbulence? This requires an ability to detect line shifts of -IOF nm. High luminosity is required to minimize photon noise in the measurements and optimize accuracy of the V and F measurements. Absent quantitative measures of the impurity emission levels from MST, this system was designed to optimize the &endue of a commercially available grating spectrometer, with modifications as described below.
C. Other systems
Passive Doppler spectroscopy has been applied to measure the dynamics of the impurity ions in many hightemperature plasmas. A typical approach employs an intensified linear photodiode array at the exit plane in a highly dispersive spectrometer. While this type of system has good sensitivity and resolution, typical readout times are al ms, although instruments developed for the DIR-D tokamak have reduced this time to 260 P.~'-~' For higher time resolution, multiple discrete detectors are used to record several spectral elements simultaneously at high sampling rates. There have been several instruments built with this capability,'3*'4 including a UV/visible polychromator for the ZT-1 toroidal pinch15 and a vacuum ultraviolet (VUV) polychromator for the ZT-40M RFP.16 To date, the Doppler plasma diagnostic with the best combination of speed and accuracy appears to be the instrument on the COMPASS-C tokamak.17 This spectrometer uses three photomultipliers to simultaneously record three wavelength bands. The Doppler broadened spectral line is dispersed such that it is divided into these three roughly equal wavelength regions. Precisions of -1 km/s were achieved with 40 pus time resolution.
D. The MST system
The system implemented on MST and described in this paper was designed to extend the approach used on COMPASS-C in two respects: (1) the system etendue is optimized by using tall entrance slits combined with a simple aberration correction to retain high spectral resolution; and (2) the number of spectral channels is expanded considerably (to 28 channels across the line profile) to decouple small fluctuations in the line centroid from those in the line width. Our instrument simultaneously records two separate chordal views of the plasma, each with 16 individual wavelength channels (this capability makes it a duo-spectrometer). This system combines good itendue with the simplicity and flexibility of a fiber-optically coupled single-grating spectrometer.
II. APPARATUS A. Optical design
Ray tracing was performed to maximize the luminosityresolution product achievable with the available monochromator, an f/l0 Czerny-Turner design with 1.0 m focal length (Jarrell-Ash). The duo-spectrometer design was optimized with the constraint that the basic structure (mirrors, mirror mounts, grating mount and drive) remain unmodified and that the instrumental linewidth be AX-O.025 nm, as discussed below. This left the entrance slit and exit plane configurations and the grating itself as the major variables; these were configured using the BEAM FOUR software package from Stellar Software.
The dominant aberration in our instrument is line curvature '8-2o which is caused by the variation in dispersion that occurs as a function of slit height. For our CzernyTurner monochromator, a straight vertical slit on the entrance plane maps to an ellipse on the exit plane (or vice versa). As long as the slit is fairly wide, such line curvature can be compensated quite well by a simple tilt of a straight slit. This configuration is illustrated in Fig. l(a) , which shows the two entrance slits, one above and the other below the optical axis of the spectrometer. The top of the upper slit (and the bottom of the lower slit) are tilted 0.5" toward the exit plane array [ Fig. l(c) ]. This tilt, although small, reduces the width of the exit plane image by about 40% compared to a simple vertical entrance slit. Slit height was limited because longer slits would have required curvature rather than just the simple tilt of a straight slit. (This type of compensation has been done,*l but was not implemented on our instrument due to cost limitations.) Figure l(b) shows the expected exit plane images; they are well-defined vertical rectangles that exhibit a small amount of anamorphic magnification. Note that astigmatic blurring is small and does not lead to vertical overlap of the two images.
A simulation was performed to assure that the duospectrometer configuration provided the resolution necessary to measure flow velocities to accuracies of less than 1 km/s (with 50GTi~1000 eV). Our aim was to maximize the etendue of the duo-spectrometer by using the widest slits consistent with this accuracy requirement. We wrote an IDL computer program which simulated the detection characteristics of the duo-spectrometer. This simulation program allowed variation of the width and shape of the wavelength channels (corresponding to slit width and instrument function) and the total number of wavelength detection channels. The parameters of interest (velocity and temperature) were reconstructed from the simulated spectra while varying the instrument parameters. The accuracy to which these reconstructed parameters matched the program input velocity and temperature provided a figure of merit.
Lacking accurate intensity estimates, we arbitrarily and conservatively estimated that the signal would be barely above the photon counting level, i.e., each timestep would require reconstruction of the velocity and temperature from a Doppler broadened spectrum defined by only a few hundred counts. Even at the low signal levels of the simulation Doppler shifts that were a few percent of the channel widths (in nm) could be resolved. The number of wavelength channels was determined by the range of ion temperatures to be measured. For typical MST ion temperatures we required that half of the 16 available channels contain measurable signal; this allowed substantial flexibility as only three illuminated channels are needed to define the Doppler broadened spectrum. The final design parameters chosen were these: input slit width=178 ,um and exit slit width=200 pm, giving an instrumental line width of 0.0246 nm.
Duo-spectrometer
The spectrometer itself is a standard f/l0 1.0 m focal length Czemy-Turner configuration. The mirrors and grating were overcoated with MgFz to enhance UV reflectivity. The 1180 g/mm grating is blazed at 1000 nm in first order, giving the desired 0.12 nm/mm reciprocal dispersion in fifth order for 227 nm.
The two entrance slits of the duo-spectrometer simply act as masks for the input fiber optic bundles. They were cut into a single piece of 12.7 ,um (0.0005 in.) thick stainless steel shim stock with a 178 pm (0.007 in.) wide jeweler's saw. This slit mask is mounted on the front of the fixture that holds the two entrance fiber optic bundles. The fibers in each bundle are arranged in a vertical line behind the slit in the mask. (The slits in the mask were tilted at 0.5" off vertical rather than tilting the fiber lines off vertical.) Alignment was done by filling the fiber optic bundles with light and positioning the slit mask while observing the assembly with a microscope.
The entrance fiber optic assembly was manufactured by C Technologies (Verona, New Jersey). The assembly consists of two separate fiber optic bundles, one for each slit of the duo-spectrometer. The fixtures at the light collection end of each bundle hold the fibers in a round bundle. The individual fibers are 400-pm-diam pure fused silica core with a doped fused silica cladding. The fiber jackets were removed in the slit fixture to enhance the packing efficiency in the line assembly. The manufacturer specified fiber attenuation of less than 1.0 dB/m for 225 nm light. Each bundle was 3 m long and encased in a PVClmonocoil sheath.
The fiber optic array (also manufactured by C Technologies) on the exit plane of the duo-spectrometer is more complex than the entrance slit assembly. In Fig. l(c) is a face-on view of the array as packed in its aluminum fixture; this shows the large number of fibers in each of the two detector arrays. Each of the two arrays contains 16 vertical columns with each column containing 37 or 38 fibers. Note that each column is meshed with its neighbor such that the packing efficiency is maximized. Individual fibers consist of 200-pm-diam pure fused silica core with a doped fused silica cladding. The polyamide jackets on the fibers were left intact even though doing so reduced the packing efficiency: removal of the jackets prior to fabrication of the assembly would have greatly increased the chance of "dead" (broken) fibers and the fabrication cost.
The anamorphic image of one of the entrance slits on the exit plane array is a vertical iectangle with a 200 pm width that is well-matched to the core diameter of the individual fibers. The instrument functions were measured by passing the 226.502 nm Cd II line (from a small cadmium lowtemperature discharge lamp) over the exit plane array of the duo-spectrometer. (Particularly useful for absolute calibration of the wavelength scale is the fact that the fifth order of the 226.502 nm line and the fourth order of the 283.691 nm Cd I line nearly overlap.) Figure 2 is a graph of the instrument functions of two adjacent wavelength channels of the duo-spectrometer. These instrument functions are typical; note the lack of channel-to-channel crosstalk and the good approximation of the expected triangular instrument function. Each individual vertical column in the exit-plane fiber optic array leaves the aluminum fixture as a separate bundle in a PVClmonocoil sheath. Each bundle is 0.5 m long and is terminated as a round bundle in a 6.35 mm (0.250 in.) diameter cylindrical aluminum fixture. This is the face of the fiber that delivers light to photocathodes of the photomultiplier tubes (PMT). The cylindrical fixtures are held by simple o-ring compression fittings such that the face of the fiber is several cm from the photocathode of the THORN EM1 type 9125QB quartz window PMT. This allows light to spread out in an f/l0 cone upon exit from the fiber face before it reaches the photocathode, which is 23 mm in diameter. Each of the 32 PMT's is individually shielded in a concentric assembly of high permeability iron surrounded by a soft iron tube with a wall thickness of 6.35 mm (0.250 in.). The 32 PMT's are mounted in a large array such that each tube is roughly co-linear with a radial line originating at the exit plane fiber array; this simplifies connection of each individual fiber bundle to its proper PMT. The signal from each PMT goes to small card-mounted current-to-voltage amplifier. Each channel is independently digitized at 100 kHz with 12-bit accuracy. Anti-aliasing filters (8-pole Butterworth with f 3 dB=35 kHz) are used to condition the signal just prior to the digitizer input. These filters are also card-mounted and use the MAX274 continuous-time active filter integrated circuit.
C. Light collection
An overview of the diagnostic apparatus is shown is Fig.  3 . The two chords of the light collection system view roughly the same emission volume of the plasma, but from opposite directions. Thus, for a given directed flow velocity, one chord will collect line emission light Doppler shifted to a shorter wavelength, the other chord light shifted to a longer wavelength. Since the magnitude of the Doppler shift is equivalent for both directions, the exact position of the 227.091 nm line on the exit plane of the duo-spectrometer need not be determined prior to taking actual data on the ion dynamics of the plasma. The Doppler shift is simply half of the wavelength separation of the two shifted line centers. This is convenient because it is much easier to perform a relative wavelength calibration (channel-to-channel separation and channel half-width) than an absolute wavelength calibration (especially at the accuracies that would be required to measure a Doppler shift <l km/s). As can be seen in Fig. 3 , each light collection chord is conical in shape. The collection face of each fiber bundle is focused on the surface of the opposing collection lens to minimize the amount of reflected light that is collected. The interference filters just in front of the collection faces of the fiber optics keep lower order UV and visible lines from interfering with the C v line in fifth order in the duospectrometer. Limited spatial localization is acceptable for experiments such as ours in which we are observing phenomena that fluctuate over MHD scale lengths of about 1 m. For high plasma current MST discharges, most of the 227.091 nm line emission originates from the plasma volume between r/a=0.3 and 0.7.22 (The variable r indicates the position along the minor radius of the toroid, a is the minor radius which for MST is 0.52 m.) This implies that our diagnostic is collecting light over this entire volume during high current discharges, resulting in a line-of-sight spatial average of about 1 m. For low plasma current discharges, which have a lower electron temperature, the C v emission volume is probably nearer to the major axis of the toroid. Thus the tangential intersection of the light collection chords and the emission volume is smaller (see Fig. 3 ) and the spatial resolution is improved.
RESULTS
Reduction of the multiple measured wave forms to time records of ion temperature and flow velocity is done with a nonlinear least squares fitting routine. The IDL implementation of CURFI?~ is used to fit a Gaussian function to the raw data. Figure 4 shows a typical result. The rms fluctuation level (which includes both plasma and noise fluctuations) between 10 and 11 ms is <6 eV for temperature and CO.7 km/s for flow velocity. Note the sudden increase in temperature and decrease in flow velocity that occurs during a sawtooth event. The accuracy of this initial result is not sufficient to definitely determine whether the flow velocity goes to zero or is slightly negative during the sawtooth event.
The data shown in this paper are the result of initial operation of this diagnostic. Several upgrades are currently being made to this instrument. The replacement of the interference filter pre-filters (Fig. 3) with small concave holographic grating monochromators has the largest potential for positive impact. These monochromators will have 350% transmission at 227 nm (versus the <lo% transmission of the interference filters) combined with a narrower passband and better rejection. This improvement should allow routine measurement of flow velocity to sub km/s accuracy. Also, the 100 kHz digitizers currently being used will be replaced with 1 MHz models to increase the fluctuation measurement bandwidth to 250 kHz.
